influx. Intracellular Ca 2ϩ measurements revealed that the sustained IKCa channel activity enhanced the histamine-induced Ca 2ϩ signal, most likely by a hyperpolarization-induced increase in the driving force for Ca 2ϩ influx. In virtually all cells examined we also observed the expression of the large conductance Ca 2ϩ -activated K ϩ (BKCa) channel, with a unitary conductance of ca. 230 pS in symmetrical 140 mM K ϩ , and a Ca 2ϩ dissociation constant [KD(Ca)] of ca. 3 M, at Ϫ40 mV. Notably in no instance was the BKCa channel activated by histamine under physiological conditions. The most parsimonious explanation based on the different KD(Ca) for the two KCa channels is provided.
histamine; intermediate conductance Ca 2ϩ -activated K ϩ channels; large conductance Ca 2ϩ -activated K ϩ channels; human glioblastoma GL-15 cells SUBSTANTIAL EXPERIMENTAL DATA show that histamine modulates the growth and migration of glial cells lines derived from brain tumors as well as of primary glioma-derived cells (6, 28, 34) . Histamine binds to three types of membrane receptors: H 1 receptors, usually coupled to phospholipase C activation and internal Ca 2ϩ mobilization; H 2 receptors, connected with adenylate cyclase; and H 3 receptors, controlling histamine turnover and release (11, 21) . Astrocytes as well as astrocytoma cell lines have been demonstrated to express both H 1 and H 2 histamine receptors (12, 13, 14, 29 (1, 10, 24, 25, 31, 41, 43) . The increase in [Ca 2ϩ ] i is particularly relevant in this context because it may activate Ca 2ϩ -activated K ϩ channels shown to have an important role in cell growth, proliferation, and migration (3, 19, 26, 40) . Ca 2ϩ -activated K ϩ (K Ca ) channels, coupling intracellular calcium levels to membrane potential, are usually grouped into three classes based on their unitary conductance (32, 35 (35, 42) . The genes encoding these channels are expressed in glioblastoma cells lines (8, 38) and in human glioma tissue (38) . However, there are no reports of currents with a profile matching that expected for the SK Ca current, whereas BK Ca currents are commonly expressed in glioblastoma models and are involved in several aspects of malignant behavior (22, 37) . We have recently reported that two glioma cell lines express currents with physiological and pharmacological properties matching that of the IK Ca current (7, 8) .
In this study we report that application of histamine to human glioblastoma GL-15 cells hyperpolarizes their membrane by selectively activating the IK Ca , but not the BK Ca current, although the two underlying channels are coexpressed in this cell line. The mechanism underpinning the selective activation of IK Ca channels by histamine has been investigated.
MATERIALS AND METHODS
Cell culture. The GL-15 glioblastoma multiform cell line (2) was grown in minimum essential medium supplemented with 10% heatinactivated fetal bovine serum, 100 IU/ml penicillin G, 100 g/ml streptomycin, and 1 mM sodium pyruvate. The flasks were incubated at 37°C in a 5% CO2-humidified atmosphere. The medium was changed twice a week, and the cells were subcultured when confluent. For experimental purposes, cells were seeded in petri dishes at 30,000 -50,000 cells/ml, and electrophysiological recordings were performed at 3 days after seeding.
Electrophysiology. Whole cell perforated and dialyzed, cell-attached and inside-out patch-clamp configurations were used for electrophysiological recordings from GL-15 cells. Currents and voltages were amplified with a List EPC-7 amplifier (List Medical, Darmstadt, Germany), digitized with a 12-bit A/D converter (TL-1, DMA interface; Axon Instruments, Foster City, CA), and analyzed with the pClamp software package (version 7.0, Axon Instruments). For online data collection, macroscopic and single-channel currents were filtered at 5 and 0.5 kHz (Ϫ3 dB attenuation frequency) and sampled at 20 and 200 s/point, respectively. Membrane capacitance measurements were made by using the Membrane Test routine of the pClamp software.
Solutions and drugs. In whole cell recordings we used an external solution containing (in mM) 106.5 NaCl, 5 KCl, 2 CaCl 2, 2 MgCl2, 5 MOPS, 20 glucose, and 30 Na-gluconate (pH 7.25). Octanol (1 mM) was added to the external bathing solution to block gap junctions (5) . Dedicated experiments indicated that bath perfusion of 1 mM octanol significantly increased the input resistance of GL-15 cells from 588 Ϯ 231 to 979 Ϯ 170 M⍀ (n ϭ 5; P Ͻ 0.05, paired t-test). In the perforated-patch configuration the internal solution contained (in mM) 57.5 K 2SO4, 55 KCl, 5 MgCl2, and 10 MOPS (pH 7.20). Electrical access to the cytoplasm was achieved by adding amphotericin B (200 M) to the pipette solution. Access resistances ranging between 15 and 25 M⍀ were achieved within 10 min following seal formation and were actively compensated to ca. 50%. In whole cell dialyzed, cell-attached, and inside-out recordings, the pipette solution contained (in mM) 150 KCl, 1 MgCl2, 5 MOPS, and 1 EGTA-K (pH 7.25). In inside-out recordings the bathing solution was (in mM) 150 KCl (NaCl), 1 EGTA-K (EGTA-Na), 5 MOPS, and 1 MgCl2 at pH 7.20; the desired free Ca 2ϩ concentration, [Ca 2ϩ ]i, was obtained by adding varying amount of CaCl2 (calculated with the webmax software: www.stanford.edu/ϳcpatton/webmaxc/webmaxcS.htm) to the bathing solution. All chemicals used were of analytical grade. DMSO, TEA, d-TC, CTL, 1,3-dihydro-1-[2-hydroxy-5-(trifluoromethyl) phenyl]-5-(trifluoromethyl)-2H-benzimidazol-2-one (NS-1619), pyrilamine, cimetidine, thioperamide, and histamine were purchased from Sigma (St. Louis, MO). CTX, iberiotoxin (IBTX), and thapsigargin (TG) were from Alomone Labs (Jerusalem, Israel). TRAM-34 was a kind gift of Dr. Heike Wolff. CTL, TRAM-34, and NS-1619 were prepared in DMSO (20 mM). Amphotericin B and TG were similarly dissolved in DMSO to a concentration of 50 and 1 mM, respectively; the maximal DMSO concentration in the recording solutions was about 0.1%. We verified that application of 0.1% DMSO did not have significant effects of the membrane currents of GL-15 cells (data not shown). Histamine, pyrilamine, cimetidine, and thioperamide were prepared in water solution to a concentration of 100, 20, 20, 10 mM, respectively. Histamine was applied to the cell using Picospritzer II (General Valve, Fairfield, NJ) via a glass pipette with a tip diameter about twice as large as that used for whole cell recordings, positioned at 200 m from the cell. The other pharmacological agents were dissolved daily in the appropriate solution at the concentrations stated, and bath was applied with a superfusion system (Rapid Solution Changer RSC-200; BioLogic Science Instruments, Claix, France). The time for solution exchange was about 500 ms. Experiments were carried out at room temperature (18 -22°C) . Data are presented as means Ϯ SE. Statistical differences between experimental groups were verified by using the t-test and considering a level of significance (P) of 0.05.
Intracellular Ca 2ϩ measurements. Fluorescence determinations were performed using a conventional fluorescence microscopy system composed of an upright microscope (Axioskop; Zeiss, Jena, Germany), a digital 12-bit cooled camera (Imago; Till Photonics, Germany), and a monochromator (Till Germany). The system was driven by Till Vision software (Till Photonics). Images were acquired and stored on a Dell PC and then analyzed off line. Measurements of fluorescence over time had a resolution of 0.5 Hz.
GL-15 cells were plated at 50,000/ml and used on the third day of culture. Before the experiments, cells were incubated with fura-2 AM (3 M; Molecular Probes, Eugene, OR) for 45 min and then extensively washed with external solution of the following composition (in mM): 140 NaCl, 5.6 KCl, 2 MgCl2, 2 CaCl2, 10 glucose, and 10 HEPES-NaOH; pH 7.4. Charges in the free [Ca 2ϩ ]i were reported as variations of the ratio between fluorescence emission (at 510 nm) obtained with 340-and 380-nm excitation wavelengths (optical filters and dichroic beam splitter were from Chroma, Brattleboro, VT). Cells were continuously perfused by a gravity-driven perfusion system, with tubing connected to a final tip of 100-to 200-m diameter focally oriented onto the field of interest. After each histamine application (3-4 min), cells were allowed to recover in standard medium for 4 -8 min. However, under these conditions fluorescence transients induced by repetitive histamine applications could show a sensible rundown. To thus, only cells showing less than 10% reduction between two consecutive fluorescence responses to histamine were considered in the analysis. The amplitude of the sustained component of the histamine response was measured after 3 min of agonist application.
RESULTS

Histamine hyperpolarizes GL-15 cells by activating a Ca
2ϩ -activated K ϩ current. The electrophysiological effects of brief bath applications of histamine were investigated using the perforated-patch configuration. Under current-clamp conditions GL-15 cells had a resting membrane potential of Ϫ45.3 Ϯ 2.1 mV (n ϭ 7). Application of histamine (100 M, for 3 s) produced, with a delay of 6.3 Ϯ 0.4 s (n ϭ 7), a transient hyperpolarization to a significantly more hyperpolarized peak mean voltage of Ϫ67.2 Ϯ 1.5 mV (n ϭ 7; Fig. 1A ). The effects of histamine were then studied under voltageclamp conditions. At a holding potential of Ϫ40 mV, histamine (100 M) applied for 3 s evoked a transient outward current (Fig. 1B) . The time course of the outward current reflected that of the membrane potential changes recorded in current-clamp conditions (Fig. 1C) . The peak outward current induced by histamine displayed considerable intercell variation ranging in amplitude from 15 to 142 pA, with a mean of 63 Ϯ 7 pA, at Ϫ40 mV (n ϭ 29). The responses were, however, consistent in the same cell in both amplitude and time course upon repeated application of brief histamine pulses (data not shown). Whereas in most cells examined the conductance changes induced by histamine had a time profile similar to that shown in Fig. 1B , in some instances (12/58), we observed other kinds of conductance change. In nine cells the transient current peak was followed by a nonzero, steady-state level that disappeared after several tens of seconds. In three other cells histaminergic stimulation resulted in oscillations of the peak outward current that could last for minutes.
We then established the ionic basis of the histamine-induced outward current by determining its reversal potential with voltage ramps from Ϫ100 to ϩ150 mV (holding potential, 0 mV) applied in control conditions (trace 1), and at the peak of the histamine-activated current (trace 2), as shown in Fig. 1D . The resulting current ramps showed crossover at Ϫ82.2 mV in this particular recording (mean Ϫ82 Ϯ 1 mV, n ϭ 14; cf. inset in Fig. 1D ), a value close to the calculated potassium ion equilibrium potential (E K ) (Ϫ90.3 mV). These results indicated that the histamine-activated current is mainly carried by K ϩ ions. Substitution of all external Cl Ϫ with gluconate did not measurably alter the histamine-induced outward current (n ϭ 2; data not shown), thus excluding Cl Ϫ ions as major contributor to this current.
To identify the histamine receptors mediating the outward current activation in GL-15 glioma cells, we employed specific inhibitors of the three histamine receptors. Cimetidine (30 M) and thyopiramide (30 M), antagonists of the H 2 and H 3 histamine receptors, respectively, had no impact on the histamine-induced outward currents (Fig. 2, A, B , and E). In contrast, when cells were treated with the H 1 receptor antagonist pyrilamine (30 M, n ϭ 4), no outward current was activated upon histamine application (Fig. 2, C and E) . Similar results were obtained with these histamine receptor antagonists on membrane potential response to histamine (assessed under current-clamp conditions; data not shown). These results indicate that histamine exerts its action through the H 1 receptor.
We then tested whether the histamine-mediated increase in the intracellular calcium concentration was involved in the observed current responses. When glioma cells were incubated for 2 h with TG (1 M) to deplete the intracellular Ca 2ϩ stores, no outward current could be observed upon histamine application (see bottom trace in Fig. 2, D and E) . A comparison of the membrane potential of three control cells and three cells incubated with 1 M TG indicated a significant membrane hyperpolarization of the latter group (Ϫ12.3 Ϯ 4.2 mV, P Ͻ 0.05), which disappeared in the absence of extracellular Ca 2ϩ (Ϫ1.5 Ϯ 5 mV). The negligible contribution of Ca 2ϩ influx to the histamine-induced response was further demonstrated with perforated-patch experiments in which histamine was applied to glioma cells bathed with a low Ca 2ϩ (10 M) solution. Under these conditions a transient outward current, with features similar to those seen for the histamine-induced current under control conditions, was recorded upon histamine application (see top trace in Fig. 2D ). These results suggest that histamine activates a Ca 2ϩ -activated K ϩ current through release of Ca 2ϩ ions from intracellular store and that Ca 2ϩ influx has a negligible role in the response.
The histamine-activated current is sustained by IK Ca channels. To identify the ion channels underlying the histamineactivated outward current, we assessed its pharmacological profile by using inhibitors of the Ca 2ϩ -activated K ϩ channels. As shown in Fig. 3, A and B, the current was sensitive to the IK Ca channel blockers TRAM-34 (1 M) and CTL (1 M), whereas the current was only slightly affected by the BK Ca channel blocker TEA (a significant block was only obtained with 10 mM TEA; P Ͻ 0.05, Fig. 3C ). The histamine-activated K ϩ current was also insensitive to d-TC (100 M, Fig. 3D ; P Ͼ 0.05), a blocker of SK Ca . This pharmacological signature is congruent with the IK Ca (20, 23, 42) . In current clamp conditions, TRAM-34 (1 M) abolished, reversibly, the histamine-induced hyperpolarization (Fig. 3, F and G) , whereas TEA (3 mM) had only a minimal, although not significant (P Ͼ 0.05), effect (Fig. 3G) .
We further confirmed the identity of the ion channel underlying the histamine-activated current by single channel studies. figure. n ϭ number of cells tested under the various conditions. **Statistically significant difference (P Ͻ 0.05). In the cell-attached configuration, bath application of histamine (100 M, for 3 s) induced sustained single-channel activity (Fig. 4A ) with a latency comparable to that observed in whole cell experiments (inset to Fig. 4B ). The inward direction of the unitary current is expected for a K ϩ -selective channel with the recording pipette containing 140 mM K ϩ . The corresponding open probability (P o ) versus time plot of Fig. 4B shows that channel activity increases transiently with histamine to a maximal P o of ca. 0.5 in this particular recording (the mean maximal P o observed after histamine application in four different cells was 0.28 Ϯ 0.09, a value significantly higher than control, P Ͻ 0.05; see Fig. 4C ). Few patches were also clamped at different voltages, and unitary currents were recorded to assess the single channel conductance. Figure 4D shows a representative family of unitary IK Ca currents at different voltages, whereas Fig. 4E gives the current-voltage (I-V) plot from the three patches tested. The unitary conductance assessed from inward currents was 22 Ϯ 2 pS (n ϭ 3). Two typical properties of IK Ca channels are evident in the resulting I-V relationship, namely, inward rectification and a single channel conductance, comfortably within the range reported for this channel (4, 8, 15, 16) .
Effects of long histamine applications. Since in vivo glioblastoma cells could be exposed to histamine for longer time periods than those probed above, we tested the effects of more prolonged histamine applications. Previous work has shown that prolonged histamine applications may give rise to a delayed Ca 2ϩ influx, in addition to the early Ca 2ϩ mobilization from intracellular stores (i.e., 1). When histamine (100 M) was applied to GL-15 cells for 3 min, two types of voltage and current responses could be observed. In about half of the cells (9/17), the response to histamine was transient, declining to levels close to resting conditions despite the continuous presence of histamine (Fig. 5A) . The analysis of the transient current responses gave a peak current amplitude of 105 Ϯ 37 pA, a latency of 7.4 Ϯ 1.2 ms, a rise time of 6.9 Ϯ 3.2 ms, and a duration of 61 Ϯ 15 ms (n ϭ 16). These values did not differ significantly from those obtained with short histamine applications (cf. Fig. 1 , P Ͼ 0.05), suggesting that both short and long applications may give rise to similar electrophysiological responses. By contrast, in 41% (7/17) of the cells probed with long applications of histamine, both voltage and current displayed an initial current peak followed by a delayed, sustained phase. Washing off the agonist resulted in a slow decline of both voltage and current traces toward baseline (Fig. 5B) . Finally, 6% (1/17) of GL-15 cells did not respond to histamine application.
As shown in Fig. 5C , the sustained phase of the current response could be markedly inhibited by both TRAM-34 and pyrilamine, suggesting the involvement of an H 1 receptormediated activation of the IK Ca channel, as observed for the early transient response to brief histamine applications. We also found that the sustained current could be inhibited by external Ca 2ϩ removal (Fig. 5C ) or 10 M lanthanium (n ϭ 3, data not shown), suggesting that the sustained component depended entirely on Ca 2ϩ influx. The IK channel-mediated hyperpolarization during the delayed sustained component of the histamine response could increase the driving force for Ca 2ϩ influx and thus enhance the Fig. 5D ). In these conditions, we observed a significant reduction in the amplitude of histamine-induced fluorescence, sometimes followed by a partial recovery after prolonged TRAM-34 washout (Fig. 5D) . In the presence of TRAM-34, histamineinduced peak responses were reduced to 83 Ϯ 1% (means Ϯ SE; n ϭ 76; 6 dishes; 3 cultures). TRAM-34-induced reduction of histamine responses was significantly more pronounced at the steady state (65 Ϯ 3%; P Ͻ 0.001, paired t-test) (Fig. 5E ). This last effect could be evidenced by superimposing the normalized fluorescence traces in control conditions and in presence of TRAM-34 (Fig. 5F) .
GL-15 glioma cell line expresses BK Ca channels. The results presented above show that the histamine-activated current is entirely sustained by IK Ca channels. BK Ca channels have, however, been reported in a large number of glioma cells lines (22, 37) , although they have not been investigated in this preparation. We then tested whether GL-15 cells, unlike most glioma cell lines, do not express BK Ca channels, or else they do so but histamine is unable to activate them. To verify the expression of the BK Ca current in GL-15 cells, we used intracellular whole cell solution containing 300 nM [Ca] i , and applied voltage ramps up to 140 mV. Under these conditions we observed an outward current displaying a double component made of a linear (voltage independent) part at lower voltages and a voltage-dependent portion at much higher voltages (Fig. 6A, CTRL) . In accordance with the presence of IK Ca channels in these cells, the linear component of the current could be blocked by the IK Ca channel-selective inhibitor TRAM-34 (1 M) (Fig. 6A, TRAM-34) . The voltage-dependent current component remaining in TRAM-34 showed the high current noise typical of the BK Ca current, required high voltages for activation (Ͼ0 mV), and displayed a mean amplitude at ϩ140 mV of 805 Ϯ 143 pA (n ϭ 10). The pharmacological profile of the (voltage-dependent) current was in addi- (Fig. 6B) .
Unitary currents with the typical hallmarks of the BK Ca channel (high K ϩ selectivity, large conductance, fast kinetics, and Ca 2ϩ , and voltage dependence) were found in ca. 20% of excised inside-out patches. Under symmetrical 140 mM K ϩ , the BK Ca channel showed a linear unitary I-V relationship, with a mean single channel conductance of 231 Ϯ 15 pS (n ϭ 3; Fig. 6, C and D) . Single-channel currents became inward at all voltages examined upon replacement of internal K ϩ with Na ϩ (Fig. 6D, circles) , indicating a high selectivity for K ϩ versus Na ϩ (permeability ratio P Na /P K Ͻ0.096, estimated from the Golden-Hodgkin-Kate relationship). We finally quantified the voltage and Ca 2ϩ dependence of the BK Ca channel in insideout patches by applying varying voltages and [Ca 2ϩ ] i . The P O was then plotted as a function of membrane potential for each [Ca 2ϩ ] i , and the data were fit with a Boltzmann equation to obtain half-maximal voltages activation (V 0.5 ). The [Ca 2ϩ ] i tested were 0.03, 0.1, 0.3, and 1 M, and their resulting V 0.5 values were 85 (k ϭ 10.1), 59 (k ϭ 14.7), 21 (k ϭ 14.5) and Ϫ17 (k ϭ 10.7) mV, respectively (Fig. 6E) .
We also studied the BK Ca current activation in more physiological conditions by using the perforated-patch configuration and stepping to depolarized potentials up to 120 mV, with 5-mV steps ( Fig. 6F; for clarity, only one every four traces are shown). Under these conditions we recorded voltage-activated currents with high current noise, typical of the BK Ca current, in virtually all cells. This current required high depolarizing pulses to activate and had a mean voltage threshold of 70 Ϯ 1.5 mV (n ϭ 5, cf. inset to Fig. 6F ). These data, together with the [Ca] i dependence of the BK Ca channel estimated in Fig. 5E , allow to estimate a resting [Ca 2ϩ ] i in this glioblastoma cell line amounting to ca. 30 nM. This value is in line with the [Ca 2ϩ ] i found at rest in several glioblastoma cell lines (10, 18, 27) .
Mechanism of selective histamine activation of the IK Ca channel. As shown above, at the resting membrane potential (ca. Ϫ40 mV) histamine activates IK Ca currents in most cells but was never observed to activate BK Ca currents (Fig. 3) , although these two channels are normally coexpressed in GL-15 cells. This observation was confirmed by single-channel data showing that unitary IK Ca currents were activated by histamine in most cell-attached patches under the same conditions (16 of 24 patches) but never were BK Ca channels in the 24 patches tested.
A possible explanation for the selective activation of IK Ca channel by histamine is that the histaminergic stimulation brings the [Ca] i to levels sufficiently high to activate the IK Ca channel but not the BK Ca channel. This view seems to be supported by the data presented in Fig. 7A , from a cell-attached patch containing a single BK Ca channel. These data show that whereas histamine application is unable to activate the BK Ca channel at the resting potential of the cell (ca. Ϫ40 mV), it can do so when the patch is depolarized to ca. ϩ60 mV (Fig. 7A) , a condition that decreases the K D(Ca) of the BK Ca channel activation. This indicates that under more permissive conditions (depolarized potentials) the histamine-induced [Ca] i increase is capable to activate the BK Ca channel. This notion is also supported by the observation that histamine, under continuous superperfusion with TRAM-34 to block the IK Ca current, shifts the threshold of the BK Ca current activation from 70 Ϯ 1.5 mV (cf. Fig. 6F ) to Ϫ18 Ϯ 2.2 mV (Fig. 7B) , a value still significantly more depolarized than the resting membrane potential of GL-15 cells (Ϫ45.3 Ϯ 2.1 mV, P Ͻ 0.05).
DISCUSSION
Histamine hyperpolarizes glioma cells. Here we reported that in glioblastoma GL-15 cells histamine hyperpolarizes the cell membrane significantly (ca. 20 mV) by activating the IK Ca channel and that this hyperpolarization potentiates the histamine-induced Ca influx. Because the intracellular calcium is critically involved in many physiological processes such as cell migration, proliferation, differentiation, apoptosis, and signaling (36), the effects of histamine observed here may give important clues to understand the role of histamine in glioma cell models. Histamine-induced membrane hyperpolarization through Ca 2ϩ -activated K ϩ currents had previously been reported in C6 glioma cells (40) , but the specific type of Caactivated K ϩ channel involved was not identified. In this study we identified the underlaying channel as the IK Ca channel. The histamine-activated current had in fact the typical pharmacological and biophysical profile of the IK Ca current: it was inhibited by CTL and TRAM-34 and was insensitive to TEA and d-TC. At the single channel level, the properties of the unitary current activated by histamine were consistent with those expected for an IK Ca channel, being voltage insensitive, inward rectifying, and displaying a unitary conductance of 22 pS (in symmetrical 140 mM K ϩ ). We have also investigated the signaling pathway involved in the histamine-induced IK Ca current activation. H 1 and H 2 receptors have been reported in both native astrocytes and in astrocytoma cell lines (12) (13) (14) 29) . Using the selective antagonists of the different histamine receptors, we showed that the H 1 receptor is involved. The main effect of the H 1 receptor activation in most cell types, including gliomas, is inositol 1,4,5-trisphosphate (IP 3 )-mediated Ca 2ϩ release from intracellular stores or Ca 2ϩ influx through the membrane (10, 11, 21, 24, 25, 31, 41, 43) . The activation of histamine H 1 receptor, normally coupled either to Gi/o or Gq/11 family of G proteins (11, 21) , leads to PLC activation and hence to increased levels of IP 3 and in turn of [Ca] i . For short histamine applications, the inhibitory effect of TG preincubation indicates the involvement of the TG-sensitive Ca 2ϩ stores in the process. By contrast, a Ca 2ϩ -induced Ca 2ϩ release (CICR) mechanism does not appear to be involved, because extracellular Ca 2ϩ removal does not seem to have any major effect on this process (cf. Fig. 2D ). Together these data confirm that the IP 3 -induced Ca 2ϩ release from TG-sensitive internal Ca 2ϩ store as result of H 1 receptor activation is the primary signaling pathway involved in histamine-induced IK Ca activation. Previous work on glioblastoma cells showed that long histamine applications induced an increase in cytoplasmic Ca 2ϩ level that occurred in two temporally distinct phases: an early transient response followed by a sustained phase usually lasting until histamine removal (1) . These studies further showed that while the initial transient phase resulted from Ca 2ϩ release from intracellular stores, the late sustained component relied mainly on external Ca 2ϩ influx. We then set off to study the histamine response upon long (3 min) histamine application. Our data show that in a fraction of GL-15 cells a sustained H 1 -dependent IK Ca channel activation could be evoked by long (3 min) histamine applications. In contrast to the response to brief histamine applications, the sustained current obtained under these conditions depended entirely on the Ca 2ϩ influx from outside, as demonstrated by its dependence on extracellular Ca 2ϩ and its sensitivity to the Ca 2ϩ channel blocker lanthanum.
Histamine activates selectively the IK Ca but not the BK Ca channel. We also found that in glioblastoma GL-15 cells, which express both IK Ca and BK Ca channels, histamine hyperpolarizes the membrane by selective activation of the IK Ca channels. Data on Ca 2ϩ and voltage dependence of activation of the two channels indicate that the selective activation of the IK Ca channel is most likely due to its much higher Ca Fig. 7C ; see also Ref. 30] . The observation that in histamine the BK Ca current activation threshold is ca. Ϫ20 mV allows to estimate a rise of [Ca 2ϩ ] i to 100 -300 nM (cf. Fig. 6E ). This range is consistent with the intracellular [Ca 2ϩ ] estimated from the IK Ca channel P o following histamine application (0.28; Fig.  4C ), which corresponds to a [Ca] i concentration close to 250 nM, as evaluated from our previous data (8) . These values are also congruent with several studies indicating that histamine increases the [Ca 2ϩ ] i up to few hundreds nanomolar in several glioma cell lines (31, 43) . Moreover, in physiological conditions when the membrane potential is allowed to change, the histamine-induced IK Ca channel activation will hyperpolarize the membrane and in turn shift farther away the activation threshold of the voltage-dependent BK Ca channel. As shown in Fig. 7C , a 20-mV hyperpolarization (from ca. Ϫ40 to Ϫ60 mV), as typically induced by histamine (cf. Figs. 1A and 3G) , will shift the K D(Ca) of the BK Ca channel from ca. 2 to 7 M, and arguably more importantly, the activation threshold from ca. 750 nM to 2 M (cf. Fig. 7C ; see also Ref. 30) .
Unlike the above, in parotid acinar cells the selective activation of IK Ca channels following muscarinic stimulation was found to result from a mechanism whereby the activation of the IK Ca channels suppresses the BK Ca channels activity by a direct inhibitory interaction (33) . Although the selective activation of the IK Ca channel by histamine that we report in this study appeared fully consistent with the different K D(Ca) of the two channels and with the estimated [Ca 2ϩ ] i changes upon histamine application, we have nevertheless tested whether a direct inhibitory interaction of the IK Ca on the BK Ca channel would occur in our model. Specifically, in dialized whole cell configuration, with 300 nM [Ca 2ϩ ] i in the intracellular solution, the BK Ca current amplitude (estimated as the TEAsensitive component, at 100 mV) was not measurably affected by IK Ca current inhibition (n ϭ 3; data not shown), indicating that this mechanism is not operative in our model.
The selective activation of the IK Ca channel in cell models that also express the BK Ca channel has already been reported in several tissues. In macrophages external ATP has been shown to induce oscillations of intracellular Ca 2ϩ and membrane potential, the latter depending on selective IK Ca channel activation (9) . In endothelial cells the hyperpolarizazion induced by bradykinin was totally inhibited by CTL, an inhibitor of the IK Ca channel, but not by IBTX, a selective blocker of the BK Ca channel also expressed in this preparation (17) . The activation of the BK Ca channel by Ca 2ϩ -mobilizing agents appears to occur only in specialized zones of the membrane where the BK Ca channels are functionally and structurally coupled to Ca 2ϩ channels, near which high [Ca 2ϩ ] is expected. Such an example is provided by the U251 glioblastoma cells in which the BK Ca channels are localized very close to the IP 3 -sensitive Ca 2ϩ channels and activated by the Ca 2ϩ mobilizer acetylcholine (39) . Interestingly, the destruction of this coupled architecture prevents the activation of BK Ca channels by acetylcholine (39) . More generally, in cells where both the IK Ca and the BK Ca channels are expressed, Ca 2ϩ increases either resulting from spontaneous events, as Ca 2ϩ oscillations, or induced by neurotransmitters or hormones, are hardly capable to activate the BK Ca channels, under physiological conditions.
